A rteriovenous malformations (AVMs) are responsible for around 30%-50% of hemorrhagic strokes in the pediatric population. 11, 13, 17, 18 These lesions can be extremely challenging to manage given the higher incidence of hemorrhagic presentation and accompanying morbidity and mortality as well as the long potential lifespan of the pediatric patient. 13, [16] [17] [18] Arteriovenous malformations in the pediatric population have generally been associated with higher morbidity and mortality than those in adults, 11, 18 although a recent study suggests that surgery may improve long-term outcomes. 21 There is also a well-described phenomenon of AVM recurrence following negative postresection angiography in the pediatric population. 7, 11, 18 Nonetheless, pediatric AVMs have been treated surgically, with endovascular embolization, with radiosurgery, and increasingly with multimodality treatments with good results. 5, [16] [17] [18] The neurosurgical application of intraoperative ultraabbreviatioNs AVM = arteriovenous malformation; DSA = digital subtraction angiography; GCS = Glasgow Coma Scale; MCA = middle cerebral artery; mRS = modified Rankin Scale; SM = Spetzler-Martin. results All patients, whose ages ranged from 2 to 16 years, underwent craniotomy and excision of an AVM, which was supratentorial in 18 cases and infratentorial in 2. Patients in 11 cases underwent preoperative embolization, and all other patients underwent cerebral angiography prior to surgery, except for 2 patients who were urgently surgically treated because of low Glasgow Coma Scale scores and associated hematoma. Spetzler-Martin Grades I (3 cases), II (6), III (7), and IV (4) AVMs were represented in this series. Intraoperative Doppler ultrasound provided high-quality images in all cases and demonstrated the location, size, and flow characteristics of the AVM and any associated hematoma. Delayed postoperative cerebral angiography demonstrated successful AVM resection in all cases. An assessment of clinical outcomes revealed no new long-term neurological deficits at 3 months postoperatively. coNclusioNs Intraoperative Doppler ultrasonography is a reliable and useful tool for intraoperative localization and guidance for AVM resection in the pediatric population. When used in conjunction with neuronavigation equipment and modern microscopes, this technique has shown a very high complete resection rate with extremely low associated morbidity.
sound to identify and access intracranial lesions began in the 1980s, and the technology is now used for a range of cranial lesions, including tumor, and in CSF surgery. 12 The first descriptions of color Doppler ultrasonography use in surgery for cerebral vascular lesions appeared in the late 1980s and 1990s. Despite the limited technology of the time, it was possible to identify lesions, associated hematomas, and significant draining and feeding vessels to aid complete resection. 2, 20, 25 Since then there has been a steady increase in the use of technology to aid resection of cerebral AVMs, including intraoperative ultrasound, neuronavigation, and angiography. Increasingly two or more of these technologies have been combined intraoperatively to take advantage of each modality's benefits. Several authors have described ultrasound with and without intravenous contrast in AVM surgery in adults to aid resection, to check the extent of resection, and to increase overall surgical confidence. 4, 6, 8, 10, 24, 26, 28 Other authors have reported using neuronavigational software in conjunction with intraoperative ultrasound. 1, 14, 22 Intraoperative angiography or intraoperative indocyanine green video-angiography (ICGA) has also been used in conjunction with intraoperative Doppler ultrasound to aid AVM resection. 19, 23, 27 At our institution we have found that using microscope headsup display integration (OPMI Pentero, Carl Zeiss Ltd.) of frameless neuronavigation (Brainlab AG) linked to a high-resolution color Doppler ultrasound system (Hitachi Aloka ProSound Alpha 7) is extremely useful in guiding AVM resection.
methods
We reviewed all cranial AVM resections performed at our institution by a single surgeon in the period from 2007 to 2013 and identified 20 resections in 19 consecutive patients. Data, including preoperative neurological status, age, presenting symptoms, Spetzler-Martin (SM) grade, AVM location, and any previous treatment, were collected. Intraoperative Doppler ultrasound was used in combination with neuronavigation software in all cases to aid localization and ensure complete AVM resection. All preoperative imaging and interventional procedures were recorded. Intraoperative ultrasound and screenshots from the neuronavigation software had been prospectively collected for the patient hospital records. Any immediate postoperative neurological deficits were recorded along with the modified Rankin Scale (mRS) score at 6 months. Postoperative digital subtraction angiography (DSA) was performed at approximately 6 months to establish the extent of AVM resection, which was reported by our senior neuroradiology author independently of the surgical team.
Intraoperative Doppler ultrasound provided high-quality images in all cases and demonstrated AVM location, size, flow characteristics and any associated hematoma or residual nidus. Neuronavigation software linked to our operating microscope with heads-up display also allowed for precise craniotomy positioning and minimal surrounding brain retraction during the resections. Ultrasound could also be used to adjust the neuronavigation accuracy intraoperatively to allow for brain shift due to AVM resection or CSF loss.
results
A summary of all AVM resections performed at our institution is shown in Table 1 , arranged in order of presentation, and each has been assigned a case number for ease of reference throughout this paper.
All patients, whose ages ranged from 2 to 16 years, ultimately underwent craniotomy and excision of an AVM, which was supratentorial in 18 cases and infratentorial in 2. The majority of cases (16 [80%] ) presented with hemorrhage, which was associated with a decreased level of consciousness in 8 cases. Other presentations included incidental findings (2 cases)-including hereditary hemorrhagic telangiectasia in 1 patient (Case 19). Additional presentations were seizures (Cases 5 and 10) and a new AVM found at follow-up (Case 15). Spetzler-Martin Grades I (3 cases), II (6), III (7), and IV (4) AVMs were represented in this series. Preoperative DSA was performed in 18 cases, but was not possible in Cases 2 and 6 because low Glasgow Coma Scale (GCS) scores from significant hematomas associated with the AVMs prompted urgent surgical evacuation. In these cases the same intraoperative techniques were used, and the underlying AVM was confirmed with intraoperative Doppler ultrasound rather than preoperative angiography. Patients in 11 cases underwent successful embolization prior to surgery; the patient in Case 8 underwent two partial embolizations before surgery. Attempted embolizations were unsuccessful in 3 cases, and in 1 of them, Case 7, only an arterial flow aneurysm was believed to be safe for obliteration. In the remaining 6 cases it was believed, after the initial angiogram, that it was not safe to attempt any embolization procedure. The only angiographic complications encountered in this series were a small intraprocedural hemorrhage (Case 8, during the second DSA study) and transient unilateral deafness (Case 9).
Arteriovenous malformations in the pediatric population have generally been associated with higher morbidity and mortality than those in adults;
10,17 thus, we believed it was critical to consider functional outcome in our series. As demonstrated in Table 2 , 50% of cases had a demonstrable neurological deficit (8) or seizures (2) prior to surgery. Most of the neurological findings were contralateral hemiparesis (7), although 1 case of disabling quadrantanopia was noted as well.
As can be seen in Table 2 , after surgery there was 1 case (Case 6) in which the neurological deficit improved, which was probably related to the urgent evacuation of an associated AVM hematoma. Of the 8 cases with a demonstrable preoperative neurological deficit, 6 had improvement at the 6-month review; 2 cases (Cases 1 and 14) had unchanged neurology at 6 months. Immediately postoperatively 2 cases (17 and 19) had new neurological deficits, contralateral hemiparesis in both cases. Both of these patients were treated with 5 days of corticosteroids, and at 6 months postoperatively no neurological deficits were noted. Of the 2 patients presenting with seizures, 1 (Case 5) was able to successfully stop anticonvulsant medication 6 months after surgery; the other patient (Case 10) has seizure control with medication. Overall, at the 6-month review, all patients had a high level of functionality, as measured using the mRS, with most (95% of cases) hav- ing a score of 0 (12 cases) or 1 (7 cases). No new long-term neurological deficits occurred following surgery. The combination of neuronavigation and intraoperative Doppler ultrasonography at our institution allowed the AVM nidus to be completely resected in all cases, as demonstrated on angiography at 6 months postoperatively. Arteriovenous malformation resections in Cases 8 and 15 were performed in the same patient but in two separate locations and 3 years apart. This interesting case arose because the angiography study 6 months after the first resection demonstrated a possible new AVM arising in a different location; however, the AVM resection was complete. The new AVM in this patient was followed with angiography over the next 2 years, and because it continued to slowly enlarge, further surgery was undertaken in 2012 (Table 1) .
illustrative cases
The following 2 cases demonstrate some of the benefits of combining neuronavigation with intraoperative ultrasonography during microscopic AVM dissection in our series.
case 14

History and Examination
This 10-year-old girl presented in 2012 with a reduced GCS score attributable to a large right frontal intracerebral hematoma (Fig. 1) . Urgent surgery was undertaken given the patient's rapidly declining level of consciousness, and because of extensive intraoperative blood loss, a clip was placed on a middle cerebral artery (MCA) AVM feeder to gain hemorrhage control. Decompressive craniectomy and prolonged intracranial pressure monitoring with sedation were performed 15 following intracerebral clot evacuation, but AVM resection was not attempted by the attending neurosurgeon. After a prolonged intensive care unit stay, she made a good recovery and had only mild contralateral hemiparesis (Table 2) prior to definitive AVM surgery 12 weeks later. Preoperative angiography (Fig. 2 ) demonstrated an SM Grade III AVM arising from the anterior cerebral artery and MCA and draining to the vein of Trolard, and the previously placed clip could also be seen. This AVM was believed to be unsuitable for endovascular embolization by our neuroradiology department.
Operation
Following a family discussion regarding treatment options, we attempted microsurgical removal of the AVM using a custom-made titanium cranioplasty insertion to cover the previous decompressive craniectomy site. Initial Doppler ultrasound and anatomical views from the extradural space are shown in Fig. 3 .
The challenges in this particular case were the volume of surrounding encephalomalacia due to the initial hematoma and the resulting large CSF spaces, which could have rendered neuronavigation very inaccurate once the dura mater was opened. As shown in Fig. 4 , the microscopic dissection was guided by the neuronavigation heads-up display object, and any inaccuracy could have resulted in incomplete resection or resection through an adjacent eloquent area. Indeed, Fig. 5 , shows that upon opening the dura and allowing CSF drainage, the previously marked nidus (object outlined in red in Fig. 3 ) is no longer accurate, even though to the operating surgeon the microscope (blue crosshair) is focused on the AVM.
To adjust for this intraoperative shift, we used the integrated Doppler ultrasound to accurately move the marked object (red-outlined object indicating the AVM nidus) over the actual AVM (Fig. 5) . This allowed the operator to clearly see the object on the projected microscope overlay and therefore helped to prevent inaccurate dissection. As can be seen from Fig. 6 , the projected object position was found to be inaccurate by nearly 2 cm.
Complete resection of the AVM nidus was achieved using an integrated microscope heads-up display (Fig. 4) . The feeding arteries could be demonstrated in great detail on Doppler ultrasound throughout the procedure (Figs.  7 and 8 ). The ultrasound also allowed assessment of any hemorrhage within the ventricular system that may obstruct the foramen of Monro when operating close to the ventricles, as in this case. Complete AVM resection was confirmed using Doppler ultrasound (Fig. 9) . A custommade titanium cranioplasty was placed at the end of the procedure to cover the previous bony decompression.
Postoperative Course
Complete AVM resection was confirmed on angiography at 6 months after treatment. There was no change in the patient's neurological function immediately postoperatively or at the 6-month review ( Table 2) . 
History and Examination
This 7-year-old boy presented in 2013 with left hemiparesis following a right insular region and intraventricular hemorrhage. Initial imaging was performed (Fig. 10) , and immediate management consisted of the placement of an external ventricular drain. Angiography demonstrated an SM Grade III AVM supplied by the right MCA and lenticulostriate artery with venous drainage to the vein of Labbé (Fig. 11 ). An intranidal aneurysm was embolized with coils, and the AVM was partially embolized (Fig. 12) .
Operation
Following successful angiography and a family discussion regarding treatment options, the patient proceeded to surgery. As in the last case, our standard operative setup was neuronavigation (Brainlab AG) linked to Doppler ultrasound (Hitachi Aloka ProSound Alpha 7) utilizing an integrated microscope display (OPMI Pentero, Carl Zeiss). This enabled the operator to "see" the previously marked AVM nidus throughout the dissection (Fig. 4) . This minimized surrounding tissue damage and helped to guide the extent of resection, which is especially useful with small AVMs. Initial Doppler ultrasonography from the extradural space is shown in Fig. 13 . The preoperatively marked nidus can be seen in red on the ultrasound and imaging displays in Fig. 14 .
As the dissection progressed the operator was able to visualize the target nidus at all times. The microscope was also integrated into the neuronavigation software as a "pointer" (blue crosshair in Fig. 14) allowing very accurate dissection of the AVM nidus, which is critical in small AVMs as in this case. The AVM was resected using standard microsurgical techniques, and Doppler ultrasound was used to confirm the extent of resection.
As can be seen in Fig. 15 , a very small separate nidus was seen on Doppler ultrasonography approximately 1 cm superior and deep to the previous dissection. This appeared to be in the location of the lenticulostriate branch (white arrow in Fig. 11 right) , but there was now clearly a nidus, which had not been seen on the angiography study obtained several weeks before surgery. This nidus was marked as a separate target (Fig. 14) . The microscope tra- jectory (green line in Fig. 14) was then adjusted to allow direct dissection of this lesion.
The newly identified nidus was found intraoperatively using this technique (Fig. 14) , enabling complete resection of this separate deep AVM component. Following microscopic resection of this deep component, Doppler ultrasound was again used to confirm extent of resection (Fig.  16) .
Postoperative Course
Without the use of Doppler ultrasound in this case, the additional AVM component would have remained and exposed the patient to further intervention in the future. We believe that the integrated use of the above technology allowed us to identify and resect these 2 small AVMs safely with the most minimal brain retraction and dissection possible. There was no change in neurological function immediately postoperatively, but useful improvement was seen at the 6-month follow-up (Table 2) . Complete AVM resection was also confirmed by angiography at the 6-month follow-up.
discussion
The aim of treating a pediatric AVM should be complete obliteration considering the high risk of hemorrhage as well as the morbidity and mortality associated with this lesion. 16 Recent technological advances now allow multimodality treatments of an AVM including microsurgical, endovascular, and stereotactic interventions. Overall, mortality from pediatric AVM has reduced to around 4.5%-12% depending on lesion location. 11, 13 Operative intervention for pediatric AVM remains an extremely challenging undertaking because of the lower blood volumes and the higher general anesthesia and future hemorrhage risks encountered in this population.
Results of our series show presentation rates similar to those in other published series, with around 80% of children presenting with hemorrhage. 11, 13, 16 No deaths were recorded in our series, nor were any long-term new neurological deficits, although 2 patients had transient contralateral weakness immediately postoperatively. This rate of good functional outcome is similar to that noted by Nair et al., 16 who found that 86% of patients had a favorable outcome (mRS Score ≤ 2).
Many authors have described the intraoperative use of ultrasound with and without Doppler to help guide resection in the adult population, 2, 4, 6, 8, 10, 12, 20, [22] [23] [24] 26, 27, 28 while others have shown the benefits of integrated neuronavigation. 1, 14, 22 Intraoperative angiography and indocyanine green video-angiography have also been used in conjunction with intraoperative Doppler ultrasound to aid AVM resection in the adult population. 2, 19, 27 Several authors have reported the use of multimodality treatment in the pediatric population, 3, 5, 9, 11, 13, 16, 17, 19, 25 including neuronavigation, ultrasound, or intraoperative angiography. Complete resection rates are all high in the published series, ranging from 80% to 100%. 5, 9, 13, 16, 21 We believe the use of intraoperative ultrasound in combination with neuronavigation and integrated operative microscopy is a safe and reliable technique to aid AVM resection in pediatric patients. There are clear advantages in being able to position a smaller craniotomy directly over the intended target lesion: it minimizes blood loss from the craniotomy site and reduces incision length. Doppler ultrasound also allows early identification of the arterial feeders and gives the surgeon an overall impression of the flow dynamics prior to dural opening. The surgeon's ability to have neuronavigation overlay during the dissection greatly helps to minimize brain retraction and damage to surrounding tissue. As shown in Case 14, ultrasound can also be used to help orient the dissection should the neuronavigation system lose accuracy because of swelling or CSF loss. A final use of Doppler ultrasound is to check for residual or previously unidentified nidus, as shown in Case 18. The careful use of integrated neuronavigation and Doppler ultrasound during surgery to search for any residual nidus was successful in ensuring complete resection in all 20 cases. Other advantages of ultrasound are the ability to identify any hematoma or hydrocephalus development during surgery and to guide external ventricular drain placement in the presence of small ventricles or intraventricular hemorrhage. This technology is relatively inexpensive, and no morbidity was attributed to its use in our series. While intraoperative and 24-hour postresection angiography represent the gold-standard surgical adjunct, the combination is expensive, invasive, and unavailable at many institutions, such as ours. A recent paper from Gaballah et al. 9 demonstrated a 5% complication rate and 14% AVM recurrence rate using intraoperative angiography in the pediatric population. There is, however, a learning curve in using intraoperative Doppler ultrasonography as well as the associated neuronavigation and microscope software to their full potential, and the initial cost of the technology may be prohibitive at some institutions. Despite the intraoperative accuracy of Doppler ultrasound, we believe that 6 months' delayed angiography is mandatory to exclude any residual AVM and to assess for any de novo AVM formation, which is described in the pediatric population 7, 11, 18 and indeed in our series (Cases 8 and 15).
conclusions
Intraoperative Doppler ultrasonography in combination with neuronavigation and integrated operative microscopy is a reliable and useful method for intraoperative localization and guidance in AVM resection in the pediatric population. This technique has shown a very high complete resection rate with extremely low associated morbidity and mortality. This technology also has several other applications in aiding the acute surgical management of AVMs in the pediatric population and represents an alternative to on-table angiography, which is not available at many institutions. 
